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Abstract 

We present a detailed study of the same-sign top pair production mediated by a non-universal Z' 
including production and decay at the Large Hadron Collider (LHC) at the QCD next-to-leading 
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Q-i order (NLO) level, using the narrow width approximation and helicity amplitudes method. We 
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find that the QCD NLO corrections can loose the constraint on the model parameters and reduce 
the dependence of the total cross sections on the factorization scale significantly. We also study the 
signature and backgrounds of the process at the NLO level. In order to suppress the backgrounds, 
we further investigate the difference between the production rates of the positively and negatively 
charged dilepton at the LHC, and find that the same-sign dilepton signal of the new physics could 
be discovered more easily. 
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I. INTRODUCTION 



Up to now, the top quark is the heaviest fundamental particle with a mass close to the 
electroweak (EW) symmetry breaking scale. Thus it would be more sensitive to the new 
physics beyond the standard model (SM). One way to study the new physics in the top quark 
sector is via the anomalous flavor-changing neutral-current (FCNC) couplings. Within the 
SM, the FCNC couplings are absent at tree level, and occur through loop diagrams, which 
are further suppressed by the Glashow-Iliopoulos-Maiani mechanism 111. However, in some 

n h 

new physics models, such as two Higgs doublet model [2J, supersymmetric models |3[, extra 



dimensions models [l], little Higgs models |5|, and the Z' model [6_|], the FCNC processes 
can occur at tree level, which may enhance the cross section to observable level. 

Due to the small SM backgrounds for the same-sign dilepton final state, the same-sign 
top pair production is a good channel to study the FCNC couplings. There are already a 
lot of literatures {7 13] discussing the same-sign top pair production process, most of which 
are induced by the FCNC couplings. In general, these FCNC couplings can be divided into 
several types. One of the most important types involves a massive colorless vector boson 
i.e. Z', which is the gauge boson associated with an additional U(l) symmetries. The 
renormalizable FCNC interaction can be generally written as follows 

C = uY(C R P R + C L P L )tZ'^ + h.c, (1) 

where Cr and Ci are the coupling strength. Because of the constraint from the B d — B d 



mixing 14|, only the righ-handed coupling is considered below. 

Due to the high energy and luminosity at the Large Hadron Collider (LHC), abundant 
top quark events will be produced, so it is a good chance to investigate the same-sign top 
pair production process. In fact, from the measurements of the total cross sections, the CMS 
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laboration has already set an upper limit on the parameters of the non-universal Z' 
161 ]. and at the low Z' mass region the ATLAS collaboration also gave a strong constraint 17]. 
However, both of these results are based on the leading-order (LO) calculations, which 
suffer from large scale uncertainties and can not match the expected experimental accuracy 
at hadron colliders. On the other hand, the backgrounds of the process can be further 
suppressed if we choose a more proper observable, as we will discuss below. In this paper, 
we present the complete QCD next-to-leading order (NLO) corrections to the same-sign top 
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pair production and decay (lepton channel) mediated by the non-universal Z ! at the LHC, 
and also investigate the signal and backgrounds of the process at the QCD NLO level. 

The arrangement of the paper is as follows. In Sec. [TT1 we describe the method used in 
our calculation. In Sec. II III we show the LO results for the process. In Sec. IIVI we present 
the details of the NLO calculations for the production and the decay processes. We give our 
numerical results in Sec. |V] and Section [VI] is a brief summary. 



II. NARROW WIDTH APPROXIMATION AND HELICITY AMPLITUDES 
METHOD 

The narrow width approximation (NWA) Q] is often used for a resonant process when 
the heavy resonance has a small decay width. If the resonance is a scalar, the total cross 
section can be separated into two parts, i.e. production and decay, 

(2vr) 7 
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where M is the mass of the resonance, and V is the decay width of the resonance. The Ai p , 
Aid are the amplitudes of the resonance production and its decay, respectively. 

However, in our case, the resonance is the top quark, so the process should be separated 
at the amplitude level. Since the intermediate top quark is on-shell 
can be written as 

<Jl + m t U + U + + 
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211 ] . its propagator 



(q 2 - m?) + i(m t T t ) (q 2 - m 2 ) + i(m t T \) 
where u + and w_ denote the top quark spinors with positive and negative helicities, respec- 
tively. m t is the top quark mass, and T t is the total decay width of the top quark. Then 
Eq. (j2J) would be changed to the following form 

° = |^ (JdfalM+fJ d<p d \Mj\ 2 + J d<p p \M p \ 2 j d<p d \M~ d \ 2 y (4) 

where A4p^, are the helicity amplitudes of the same-sign top pair production and the 
top quark decay, respectively. It should be note that if J d4> p \Aip\ 2 = J d(p p \Ai~\ 2 or 
f d<p d \M.^\ 2 = J d(p d \Ai2\ 2 , after a polarization average factor ~ is taken into account, 
Eq. (]!]) will be equivalent to Eq. fl2]). 



We adopt the helicity amplitude method in our calculation. The massless spinors are 



denoted as 
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I**) = «± {h) = v T {ki) , (i ± \ = u ± (k i ) = v T (k i ), (5) 
and massive spinors can be written as 

fa*] ty + M) 



(f + M) 




(p b± 





u±(p,M;r],p b ) = — — , u± (p,M;r/,p b ) 



(77T|pl>±) ' 



where p and 77 are two massless momentum, which fulfill the following conditions 

p = p b + ^V, P 2 = M\ (p b yW = 0. (7) 
2p ■ 77 v ' 

Since the helicity of massive spinors have the following relations 

{ P^lu^(p,M;p\r]) =T^(p,M; V ,p 1 '), ^p-v ± (p, M; p\ rj) = v T (p, M; V J) , 

(8) 

we only present results for amplitudes of the same-sign top pair production with a (..., t + , t + ) 
helicity configuration. 



III. LEADING ORDER RESULTS 

At the LHC there is only one subprocess that contribute to the same-sign top pair pro- 
duction and decay (lepton channel) at the LO via the Z' FCNC couplings 

u u — >tt — > l + vbl + vb. (9) 

The corresponding Feynman diagrams are shown in Fig. [H where the top quark is on-shell. 

The LO helicity amplitudes for t-channel and w-channel same-sign top pair productions 
in four dimensions are 
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-mj(p 2 \pi)(r] i \r] 3 ) + (VslPi) (m\P2)} , (10) 
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FIG. 1: The LO Feynman diagrams for the same-sign top pair production and decay at the leading 
order via the Z' FCNC couplings. 



and for the top quark decay 

M + = g 2 m t Utb(Pu\Pb)[Vt\pi} (u) 

(iPt - p b f - + iM w r w )[r] t \piy 

where Mz> and Mw are the masses of the Z' and W boson, respectively. Tw is the decay 
width of the W boson. Utb is the CKM matrix element, g is the weak coupling, t and u are 
the Mandelstam variables, which are defined as 

t=( Pl -p 3 ) 2 1 u = (p 1 -p 4 ) 2 } (13) 

and p t , pb, p u , Pi are the four momentum of the top quark, bottom quark, neutrino and 
positron(anti-muon) . 

At the parton level, after the phase space integration, the LO cross sections are given by 

*?=*r (14) 

where 

a++ = iy dr 2 |>++ ++|2 



't 
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*t u + = -\j dr 2 J2Re(Mt +++ M+ 
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The means the colors of the final-state particles have been summed over and the colors 
and the spins of the initial-state particles have been averaged over. The top quark decay 
width for lepton channel at LO is 

r S = 2^/ d^T\ M U\ 2 - (15) 



The LO total cross section at hadron colliders is obtained by convoluting the partonic cross 
section with the parton distribution functions (PDFs) Gj/p for the proton 



a B = J dxidx 2 

ab 

where ///is the factorization scale. 



p r 3 
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1 1 



(16) 



IV. QCD NLO CORRECTIONS 

The Feynman diagrams for the QCD NLO corrections to the same-sign top pair pro- 
duction and decay are shown in Figs. [TTlfT3| which include both the virtual and the real 
corrections. The interface between the the production and the decay process, at the NLO 
level, has been neglected, because their contributions are suppressed by O(^) [23|-|25| . 

We use the four-dimension helicity (FDH) scheme [26|] in n = 4 — 2e dimensions to 



regularize all the divergences. Moreover, for the real corrections, the two cutoff phase space 
slicing method {27 1 has been used to separate the infrared (IR) divergences. 



Virtual Corrections 



The squared amplitudes of the virtual corrections are 

J22Re(M loop M B *) + J22Re{M con M 



\M\\_ 



loop 



(17) 



where Ai loop are the amplitudes for the loop diagrams, and A4 con denotes the corresponding 
counterterms. Here and below the ^ means the colors and spins of the final-state particles 
have been summed over and the colors and spins of the initial-state particles have been 
averaged over. 

The virtual corrections contain both UV and IR divergences. Since the process is induced 
by the electroweak-type FCNC couplings, the UV divergences can be cancelled by only 
introducing the following counterterms 
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(18) 
(19) 
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where C e = T(l + e)[(47iy/^)/m 2 ] e . We define all the renormalization constants using the 
on-shell subtraction scheme. 

In Eq. (1TTI) . all the UV divergences are canceled out, leaving the IR divergences and 
the finite terms. For the top quark production process, the IR divergence of the virtual 



corrections at the parton level can be factorized as 28|, |29| 



where 



*j™ = { (4 + & - w-m + (4 + (| - 2 -3) i )^) - 

(4 + (ai + " 2/j - - 2a 3 - 2a 4 + -)-)&tu) } , (20) 



3' ' s 



ai = ln(— ), a 2 = m ' 



m 2/ ' \ v i + v /T^ 

a 3 = ]n(_*^_ ) a 4 = ]n(_*_). (21) 

For the top quark decay process, the IR divergence of the virtual corrections to the total 
cross section can be factorized as 



a ^(4 + (5 + 41n(^M)l 
2tt V 1 K 2p b .p t ,J 2e 



= -^r^ (^ + (5 + 41n(-^-))-)r M , (22) 



where p t and pb are the top quark and bottom quark momentums, respectively. In order 
to cancel these divergences, we need to extract the IR divergences in the real corrections, 
which will be shown in the following subsection. 



B. Real Corrections 



The real corrections consist of the radiations of an additional gluon u u — > t t g, or 
massless anti-quark in the final states, g u — > t t u as shown in Fig. [12J It should be 
noted that in our NLO calculations of the process, we include the contributions from the Z' 
on-shell production as the real corrections. 



1. Real gluon emission 



For real gluon emission, the phase space integration contains both soft and collinear 
singularities. We adopt the two cutoff phase space slicing method to isolate all the IR 
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singularities [27[, which introduces two small cutoff parameters 5 S and S c to divide the phase 
space into three parts. The soft cutoff S s separates the phase space into the soft region 
E5 < 8 s y/s/2 and the hard region, 

a R = a H + a s . (23) 

Furthermore, the hard piece can be divided into two sub-regions by 5 C , 

a H = a HU + ( T HC (24) 

The hard noncollinear part cr HC is finite and the phase space integration can be calculated 
numerically. For the soft region, in the limit that the energy of the emitted gluon becomes 
small, i.e. E 5 < 8 s y/s/2, the amplitude squared J2\Ai(uu — > tt + g)\ 2 can be factorized into 
the Born amplitude squared times eikonal factors $* ik 

Y)M{uu ^tt + g)\ 2 ^% (Arra s ^)^(\M t \ 2 ^ a cik + \M u \ 2 $ b cik + Re[2M t M*M^), (25) 

where the eikonal factor is given by 

$Q = £f r m\-t + m\ -t m| m\ 

£lk 2 (p x ■ p 5 )(p 3 ■ p 5 ) (P2 ■ p 5 )(P4 • Ps) (P3 ■ P5) 2 {VA ■ P5) 2 

$ b = m 2 -u | m 2 -u m| m 2 

£lk 2 (pi -p 5 )(p4 -p B ) (P2 -p 5 )(P3 -P5) (P3-P5) 2 (P4"P5) 2 

CV r s m? — t m 2 — u m? — it 

$ = 1 5 : 5 

2 ^ • p 5 ) (p 2 • p 5 ) ^ • p 5 ) (p 3 • p 5 ) (p! • p 5 ) (p 4 • p 5 ) (p 2 • p 5 ) (p 3 • p 5 ) 

+ 7 S? + 7 S?>- ( 28 ) 



(P2-P5){P4-P5) {PZ-Pb) 2 (PA-Pb) 2 

Moreover, the three-body phase space in the soft limit can also be factorized 

dT 3 (uu -*tt + g)^% dY 2 {uu ->■ tt)dS. (29) 
Here <iS is the integration over the phase space of the soft gluon which is given by 

dS = jf dE 5 Et*dn^ e . (30) 

The parton level cross section in the soft region can be expressed as 



]T(47ra^) J dT 2 Y)M* B \ 2 J dSV cik . (31) 



Then, after the integration over the soft gluon phase space, the divergent parts of Eq.(l3T 
becomes 

n e z e 

(i + (1 - 2a 3 - 2\n(5 s ))-)a u ) - (A + («i ' ' 



2a 3 -2a4 + l-21n(5 s ))-)<T 4u ) }. (32) 



In the hard collinear region, E 5 > <5 sA /s/2 and — 5 c s < t i5 < 0, the emitted hard gluon is 



collinear to one of the incoming partons. As a consequence of the factorization theorem 31 



32j the matrix element squared for uu —> tt + g can be factorized into the product of the 
Born amplitude squared and the Altarelli-Parisi splitting function 

Y}M{uu tt + g)\ 2 C °^T T {Ava s tf)Y)M B \ 2 ( " 2 ^ W(Z) + ~ 2 ^ t " {Z) ) > ( 33 ) 
where 2 denotes the fraction of the momentum of the incoming parton carried by q(g), and 



the unregulated Altarelli-Parisi splitting function in our case is written explicitly as 



30] 



PM = C F (^). (34) 

Moreover, the three-body phase space can also be factorized in the collinear limit. For 
example, in the limit — 5 c s < £15 < 0, it has the following form 

dT 3 (uu ->tt + g) co i^ ar dT 2 {uu ->■ tt; s' = zs) ^ -dzdt 15 [-(l - z)t 15 ]~\ (35) 

1D7T 1 (1 — e) 

Thus, after convoluting with the PDFs, the three-body cross section in the hard collinear 
region is given by 



da HC = da 1 



as T(l-e) /47r//^' 
27rr(l -2e) V s 



'~-) 5 c * [P qq (z)G q/p (x 1 /z)G q/p (x 2 ) 



dz (\ — z\ " e 

+P qq (z)G q/p (x 1 )G q/p (x 2 / z)\ — ( — J dx x dx 2 . (36) 



where G q / P (x) is the bare PDF. 



2. Massless anti-quark emission 

In addition to the real gluon emission, a second set of real emission corrections to the 
inclusive cross section for pp — > tt at NLO involves the processes with an additional massless 
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anti-quark u in the final state. Since the contributions from real massless u emission contain 
initial state collinear singularities, we need to use the two cutoff phase space slicing method 
2?| to isolate these collinear divergences. The cross sections for the processes with an 
additional massless u in the final state can be expressed as 



da 



add 



where 



da c (ug — > tt + u)G u / p (xi)Gg/ p (x 2 



da s r(l - eW ATtrf 
° [27rr(l-2e) V s 
dz ( 1 — z 

z 



,2\ £' 



I — ) 5 c e P qg {z)G u /p{xi/ z)G g/p {x 2 ) 



+ (xi <-> X2) \dx1dx2 



(37) 



\z 2 + (1 - z f] 



(38) 



The a terms in Eq. ( )37|) represents the noncollinear cross sections for the qg initiated 
processes which can be written in the form 

.7* 1 



d& c =±{\M(ug° OD ?^ tt + u)\ 2 }dT 3 , 



(39) 



where dT 3 is the three-body phase space in the noncollinear region. The other terms in Eq. 
(!37|) are the collinear singular cross sections. 



3. Mass factorization 



The soft divergences can be canceled out after adding the renormalized virtual corrections 
and the real corrections together. However, there still remain some collinear divergences 



which should be absorbed into a redefinition of the PDFs at the NLO 
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34j]. This procedure 

means that first we convolute the partonic cross section with the bare PDF G a / P (x) and 
then use the renormalized PDF G a / P {x, ///) to replace G a / P (x). In the modified minimal 



subtraction (MS) convention the scale-dependent PDF G a / p (x, ///) is given by [27] 

a s r(l — e) / 47r/i 



G a / P (x, fif) 



G a /p(x) + 

13 



2ttT(1 - 2e) 



x 




" x dz 

X / Pap(z)Gp/ p (x/z). 



(40) 
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Then the 0(a s ) expression for the remaining collinear contribution can be written in the 
following form 



da 



coll 



da 



B 



a. m 



27rr(l-2e)V s 



G u / P (xx, fif)G u / p (x 2 , nf) + 2( 



{ G u / P (xi, tif)G u / p (x 2 , fif) + 



A{ c (u — > ug) 



+ A 8 Q c (u ->• ug)) 



G u / P (xi, fif)G u /p[X2, (J>f) } dx\dx 2 , 



where 



A? = AfM-z), 
A?(q->qg) = C F (21n5 s + 3/2), 
G a /p(x,n f ) = 

P 



y 



Gp/ P (x/y,tif)P a( }(y), 



with 



PaM = P a p(y)M$c 



y s 



y »}■ 



Then, the IR divergences of the real corrections can be written as 

r R{IR) 

7i e 2 

a 2 (3 



a 



pro 



(XaCfCj? , . 1 .5 x 1 x „ x /l /5 ,1 

- {( - + ( 2a 4 )-)ct t ) + (- + (-- 2a 3 " 



7T ' e 2 y 2 V ' e 2 ' v 2 ' e 



1 



+ (ai + 



«2 



2v^^ yT^ 7 ? 



5 1 

2a 3 - 2a 4 + } , 



(41) 

(42) 

(43) 
(44) 
(45) 

(46) 



(47) 



and now all the IR divergences from the virtual corrections in Eq. f[2TJ|) are canceled by those 
in Eq. (T47j) exactly. 



C. Real corrections for top quark decay 

The real corrections for top quark decay only consist of the radiations of an additional 
gluon t — > b W + g — > b e + v g. Following the same procedure as for the real gluon 
emission of the production process, we can write down the soft and collinear parts easily 

da soft = ^C7 e {(± + ( 1 ~ 2 M^)) ) + 2{ln{5s) 2 _ ln{5s) + 2) _ ^ }d&B (4g) 

da cM = ^a{(21n(^)+21n(5 s ) + ^-21n(5 c )ln(^-) 

-2 In (6 C ) In (S s ) - - 2 In (5 S ) In ( J±) - In 2 ( J±) 

yc,ys> 2 ys) \2p b .p t ) \2p b .p t J 

71-2 

-In 2 (6 a ) - — + 3}d& B . 
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And then the total IR divergent parts are 



rr ^ ( > +(5 + 4 M^),I,r„ (4 9 , 



which cancel the IR divergence in Eq. (122|) . 



V. NUMERICAL RESULTS 



In this section we present all the numerical results. We fix the top mass m; = 172.5 GeV 
and all the other SM input parameters are taken to be 351 ] : 



a s {M z ) = 0.118, a{M z ) = 1/128.921, M w = 80.399 GeV, 



(50) 



The CTEQ6M PDF set 36( is used throughout the calculations, and both the renormaliza- 
tion and factorization scales are fixed to the top quark mass. We set Cr = 1 and adopt the 
same cuts as in Ref. [151] 



p T (i)>20GeV, \v(j)\<2.5, 

< 2.4, ^(ee, W ) > 30(20) GeV; 



(51) 



and the same-sign isolated leptons have Pt(1) > 10 GeV, one of which should have pr(l) > 
20 GeV. 



A. QCD NLO Results 

We can use the NLO corrections to update the LO results, but before that, we would 
show that it is reasonable to use the two cutoff phase space slicing method in our calculation. 
To use the two cutoff method, we introduce two small cutoffs 5 S and 5 C . For the total cross- 
section without any kinematic cuts imposed, the S s dependence is shown in Fig J2] (left). If 
we impose the cuts on the parton, it would not be infrared safe. So we adopt the anti-A'y jet 
algorithm and set R = 0.7 in our calculation. After all cuts imposed, the 5 S dependence 
is shown in Fig]2] (right). Here, we only show the electron final state as an example. The 
soft, collinear and the noncollinear contributions individually depend strongly on the cutoffs. 
However, the cutoff dependence in the two contributions (<r s + a coU and a HC + a c ) nearly 
cancel each other, so the final results for a NLO are almost independent of the cutoffs. 



12 



1 5 


- 


7 TeV 


B hare 
- - - - CT +CT 

Q ha "" n0r 


coll S V 
+CT +(J 


10 










5 





















-5 










-10 










-15 










0.600 












+-W+H 1 — I 






0.595 










0.590 










0.585 










0.580 











10° 



10" 



10" 



10 ' 



1 




7 TeV 


- - a hard/llon 


coll + ^S + ^V 


5 





















-5 










-10 
0.50 

0.45 












0.40 





10" 



10" 



10" 



10" 



FIG. 2: Inclusive total cross sections for pp — > tt — > e + e + + 2jets + ^ + X at the LHC as a function 
of 5 S in the phase space slicing treatment. The left figure is without cuts whereas the right one is 
with cuts. The 5 C is chosen to be 5 C = 5 s /50. 
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FIG. 3: Constraint line (solid) from the CMS collaboration. Considering the NLO corrections, we 
have a new constraint line (dashed), which loose the constraint on the model parameters. 

As mentioned in the introduction, the CMS collaboration has set a limit on the parameter 
Cr and Mz> based on the LO calculations. According to our numerical result, the NLO 
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corrections can loose this constraint but this kind of Z' still can not explain the top quark 
forward-backward asymmetry as shown in Fig. [31 

In FigfJJ we plot the total cross section and the K factor, defined as unlo/^lo, as the 
function of the Z' boson mass. We can see that the NLO corrections generally reduce the 
cross section and are more significant for larger Z' boson mass. 
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FIG. 4: The total cross section and the K factor as the function of the Z' mass at the LHC. 




FIG. 5: The right-handed coupling Cr versus the Z 1 mass. Here we fix the total cross sections to 
be 1 pb. 

If the total cross section is fixed to be a certain value, for example 1 pb, we can also plot 
the Cr parameter as the function of the Z' boson mass, as shown in Figj5j It is easy to find 
that, the curve in Figj5]is nearly a straight line, when Z' boson mass is larger than about 

14 



500 GeV. This means the numerical results can be written in following form: 

a = A 



(52) 



(MyGeV + 6) 4 ' 

where A and h are two parameters which depend on the cuts and the Center-of-Mass En- 
ergy {Eqm)- Then, when Z' boson mass is large enough (for E C m = 7 TeV, M z > > 600 GeV 
and for Ecu = 14 TeV, Mz> > 800 GeV ), our results can be present as follows: 
without cuts: 



<Tev(M' z ) 

with cuts: 



a 



LO 

7TeV 



a 



LO 

\ATeV 



(M' z ) 
(M' z ) 



5.44942 x 10 n pb C% 
(MyGeV + 313.21) 4: 
2.18276 x 10 12 pb 
(MyGeV + 452.15) 4: 



4.17735 x 10 n pb C% 
(MyGeV + 367.44) 4: 
1.87964 x 10 12 pb C% 
(MyGeV + 583.58) 4; 



NLO ( -\/rl \ 

a 7TeV (M z ) 



<%v(M' z ) 



a 



NLO 
7TeV 



a 



NLO 
lATeV 



(M'z 



3.44473 x 10 n pb C% 
(M^/ GeV + 237.93) 4 
13.9543 x 10 n pb C 4 R 
' (MyGeV + 351.16) 4 



3.15729 x 10 n pb C% 
(MyGeV + 302.31) 4 ' 
14.2466 x 10 n pb C% 
' (MyGeV + 480.19) 4 



(53) 



In order to check these functions, we plot them in Fig. [6], and find that they are fitted 
well with the numerical results of the total cross sections. 




FIG. 6: The total cross sections predicted by Eq. (|53l) (curve) and the numerical results (scatter 
points). 

In Figs. [7] we show the factorization scale dependence of the LO and NLO total cross 
section at the LHC. We can see that at the LHC running at 14 TeV, when the scale varies 
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from 0.5m t to 2m t , the variations of the total cross section are about 15.7% and 1.7% at the 
LO and NLO, respectively. This means that the NLO corrections reduce the factorization 
scale dependence significantly. 




0.5 



0.5 



1.5 



FIG. 7: Factorization scale dependence of the total cross sections at the LHC. The black line 
represents the LO result, while the red one represents the NLO result. 



B. Signature and Background 



The cleanest decay mode of the same-sign top pair is to same-sign leptons. The main 



background to this signal comes from the tt (when the events se 
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ected without b-tagging), 
. In order to suppress 



tt + Z and ti+W productions, as those discussed in Refs. 
this background, we investigate the difference between the production rate of the positively 
and negatively charged dilepton 

Act = ct ++ - ct , (54) 

where ct ++ and ct are the total cross sections of the positively and negatively charged 

same-sign dilepton production processes, respectively. The negative same-sign leptons can 
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be produced through the process: uu — > it — > l^vbl^vb. Since the LHC is a proton-proton 

collider, for the same-sign top pair production process, the a is much smaller than the 

a~ ++ (as shown in FigJS]) because of the difference of the densities between u and u. However, 
for the ti and tt + Z backgrounds, in principle, the Act should vanish. Thus, the dominant 
SM backgrounds are pp — > Wti, pp — > WWqq (q = u,d,c,s), and pp — > WZqq when 
one lepton is undetected [3]. These backgrounds are also strongly suppressed (about 50%) 
for the Act. Besides, to further suppress these backgrounds, the double b-tag and additional 
cuts rrijj < 60 GeV or rrijj > 100 GeV are required. 




FIG. 8: Ratio between cr__ and ct++ at the LHC with Ecm = 8 TeV (lower line) and Ecu = 
14 TeV (upper line) for the same-sign top pair production process. 

After imposing all cuts mentioned above, we list some typical numerical results of the 
Act for the signal (with M' z = 1 TeV and Cr = 1) and the backgrounds in Table [B And 
we also show the 5ct and 3ct discovery limits on Cr and Mz> in Figj9j Because of the large 
backgrounds produced at the 14 TeV LHC, the detection capability of the 8 TeV LHC with 
lfb -1 is good enough to study the same-sign top pair process. 
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Process 


signal(NLO) 


Wtt 


WWqq 


WZqq 


Ecm = 8 TeV 


128.37 


0.025 


0.001 


0.001 


E CM = 14 TeV 


286.71 


0.053 


0.002 


0.003 



TABLE I: Act of the signal and backgrounds (in fb) after all the cuts, assuming M' z = ITeV and 
Cr = 1. 
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FIG. 9: The 5a (upper two lines) and 3a (lower two lines) discovery limits on Cr and Mz' 



The observable denned in Eq. (j54p can also be used in other same-sign top pair process, 



such as discussed in Refs 



J 



ia|. 



In Fig. [10]we show the dependance of the differential distributions on missing energy ($t) 
and Ht (scalar sum of final-state visible particle transverse momenta). From Fig. [10] we can 
see that QCD NLO corrections reduce significantly the distributions of missing energy and 
H T in the ranges of 70 GeV-200 GeV and 200 GeV-600 GeV, respectively. 
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100 200 300 400 500 200 400 600 800 1000 



Xi(GeV) H T (GeV) 
FIG. 10: $V an d Ht distributions. Here, we assume y/S = U TeV and M z > = 1 TeV. 



VI. CONCLUSIONS 

In conclusion we have investigated the complete QCD NLO corrections to the same-sign 
top pair production mediated by the non-universal Z' including production and decay at 
the LHC Our results show that the QCD NLO corrections reduce the total cross sections 
by larger than 10% for Z' boson mass greater than 500 GeV, and loose the constraint on 
the model parameters when comparing with the CMS collaboration results. And we show 
that the total cross sections, including the QCD NLO corrections, can be expressed as the 
explicit functions of the model parameters Cr and Mz> generally. These functions may 
help experimentalists to quickly estimate the cross sections in their studies. Besides, the 
NLO corrections reduce the dependence of the total cross sections on the factorization scale 
significantly. We also study the signature and backgrounds of the process at the NLO level. 

Using the difference between the a ++ and the a as shown in Eq. (l5l| . we show that, in 

principle, the tt and ti + Z backgrounds can be totally excluded, and the same-sign dilepton 
signal of the new physics could be discovered more easily. 
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FIG. 11: 1-loop Feynman diagrams for the same sign top pair production via the Z' FCNC cou- 
plings. 



22 




FIG. 12: Feynman diagrams of the real corrections for the same sign top pair production via the 
Z' FCNC couplings. 
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FIG. 13: Feynman diagrams for the top decay at the NLO level. 
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